Maize (Zea mays L.) is a major crop susceptible to Aspergillus flavus infection and subsequent contamination with aflatoxins, the potent carcinogenic secondary metabolites of the fungus. Protein profiles of maize genotypes resistant and susceptible to A. flavus infection and/or aflatoxin contamination have been compared, and several resistance-associated proteins have been found, including a pathogenesis-related protein 10 (PR10). In this study, RNA interference (RNAi) gene silencing technology was employed to further investigate the importance of PR10. An RNAi gene silencing vector was constructed and introduced into immature Hi II maize embryos through both bombardment and Agrobacterium infection procedures. PR10 expression was reduced by 65% to more than 99% in transgenic callus lines from bombardment. The RNAi-silenced callus lines also showed increased sensitivity to heat stress treatment. A similar reduction in PR10 transcript levels was observed in seedling leaf and root tissues developed from transgenic kernels. When inoculated with A. flavus, RNAi-silenced mature kernels produced from Agrobacterium-mediated transformation showed a significant increase in fungal colonization and aflatoxin production in 10 and six, respectively, of 11 RNAi lines compared with the nonsilenced control. Further proteomic analysis of RNAi-silenced kernels revealed a significant reduction in PR10 production in eight of 11 RNAi lines that showed positive for transformation. A significant negative correlation between PR10 expression at either transcript or protein level and kernel aflatoxin production was observed. The results indicate a major role for PR10 expression in maize aflatoxin resistance.m pp_574 69..82
INTRODUCTION
The infection of maize (Zea mays L.) by Aspergillus flavus and the subsequent accumulation of the toxic and highly carcinogenic secondary metabolites, aflatoxins (Squire, 1981) , are serious agricultural problems, especially under drought conditions (Diener et al., 1987; Payne, 1998) . Aflatoxin contamination significantly reduces the value of grain and poses health hazards to humans (Hsieh, 1989; Payne, 1998) and domestic animals (Nichols, 1983) . In the past two decades, maize genotypes resistant to aflatoxin production have been identified through field screening Widstrom et al., 1987) . However, the lack of identifiable molecular markers in these resistant lines has hindered the incorporation of resistance into lines with good agronomic characteristics.
Several studies have demonstrated a role for kernel proteins in aflatoxin resistance Chen et al., 1998; Guo et al., 1997; Huang et al., 1997b) , especially the role of constitutively expressed proteins as a first layer of defence . A proteomics approach has been employed to identify constitutively expressed resistance-associated proteins from maize endosperm and embryo tissues (Chen et al., 2002 (Chen et al., , 2007 . Over a dozen protein spots, either unique or significantly up-regulated in resistant lines, have been identified through these comparisons. These proteins can be grouped into three categories based on peptide sequence homology: storage, stressresponsive, or antifungal proteins (Chen et al., 2002 (Chen et al., , 2007 .
One of the identified antifungal proteins is a pathogenesisrelated protein 10 (PR10) . PR10 proteins are a family of intracellular, acidic proteins with a molecular mass of 16-19 kDa; they lack a signal peptide and are resistant to proteases (van Loon et al., 1994; Warner et al., 1992) . The PR10 gene has been identified in a number of other plant species, including asparagus (Warner et al., 1992) , lily (Huang et al., 1997a) and rice (Midoh and Iwata, 1996) . Some members of this family also share sequence similarities to major food allergens of celery (Breiteneder et al., 1993) and apple (HoffmannSommergruber et al., 1997) , and to a ginseng ribonuclease (Moiseyev et al., 1997) . The biological function(s) of this class of proteins remains unclear, although some plant PR10 proteins possess ribonuclease and/or antimicrobial activities (Bantignies et al., 2000; Chen et al., 2006; Liu et al., 2006; Park et al., 2004) .
Maize PR10 gene expression is induced during kernel development in an aflatoxin-resistant line, GT-MAS : gk, but not in susceptible Mo17, in response to fungal inoculation . Other evidence linking PR10 to host resistance has also been reported. A barley PR10 gene was specifically induced in resistant cultivars on infection by Rhynchosporium secalis, but not in near-isogenic susceptible plants (Steiner-Lange et al., 2003) . In cowpea, a PR10 homologue was specifically up-regulated in resistant epidermal cells inoculated with the rust fungus Uromyces vignae Barclay (Mould et al., 2003) . A PR10 transcript was also induced in rice during infection by Magnaporthe grisea (McGee et al., 2001) . Other studies also suggest a role for PR10 in stress tolerance: overexpression of a pea PR10 (ABR17) in Arabidopsis enhanced its response to salt stress (Krishnaswamy et al., 2008; Srivastava et al., 2006) . In addition, PR10 also interacts with phytohormones, such as cytokinins and brassinosteroids (Mogensen et al., 2002) , and elevated levels of cytokinins and increased lateral branching and early flowering were observed in ABR17-transgenic A. thaliana (Srivastava et al., 2007) , suggesting a possible role in signal transduction and cell development.
To further define the particular role of the PR10 protein, to provide further evidence for a correlation of PR10 with resistance and to establish the potential use of PR10 for marker-assisted breeding or for the enhancement of aflatoxin resistance through genetic engineering, an RNA interference (RNAi) approach was employed in this study to knock down PR10 expression in maize. Interference of double-stranded RNA (dsRNA) with the expression of specific genes has been widely described (Fire et al., 1998; Gura, 2000) . This post-transcriptional gene silencing is a sequence-specific RNA degradation process triggered by a dsRNA, providing a powerful tool to study functions of unknown genes in many organisms (Wesley et al., 2001) .
The objectives of this study were to silence the endogenous expression of PR10 in maize using RNAi through genetic engineering, and to examine the changes in A. flavus colonization and aflatoxin production of the resulting PR10-silenced transgenic kernels. An RNAi vector capable of producing a dsRNA was constructed through Gateway homologous recombination (Hartley et al., 2000) , and was introduced into immature maize embryos through both bombardment and Agrobacterium infection procedures. The transgenic callus lines from bombardment showed a 65%-99% reduction in PR10 expression. RNAisilenced transgenic kernels, in which fungal colonization and aflatoxin accumulation were significantly increased, also showed a significant reduction in PR10 protein level, suggesting a direct role for PR10 in maize aflatoxin resistance.
RESULTS

Construction of a PR10 RNAi vector
The RNAi vector construction scheme is outlined in Fig. 1 . The correct assembly of pBS-PR10-RNAi, containing the inverted repeat of the PR10 5′ arm and PR10 3′ arm separated by the PR10 intron, was first verified through restriction enzyme digestion. The clones demonstrating correct restriction patterns were confirmed through DNA sequencing. The DNA region containing the PR10-RNAi cassette was subcloned into pTF102 and verified through digestion and DNA sequencing. This construct is capable of producing a 371-bp PR10 dsRNA transcript with an 81-bp single-strand loop in the middle, once the transcript is processed in the host plant.
Efficiency of gene silencing in callus lines selected from bombardment
Fifteen callus lines, each representing an independent transformation event, were produced from transformation through particle bombardment and tested for the efficiency of PR10 gene silencing. Eleven of the 15 callus lines were confirmed to be positive for the transgene through polymerase chain reaction (PCR) (Fig. 2A) . The remaining four lines (1, 3, 5 and 15) were negative for the transgene. Real-time PCR analysis revealed that PR10 transcript levels varied among the positively transformed callus lines, but were all significantly lower than the level in either the non-transformed control Neg 43 (data not shown) or the callus line 5, which was negative for PR10. When the level was normalized to that of callus line 5, the reduction in PR10 expression ranged from 65% (line 13) to 99% (line 10) (Fig. 2B) .
Responses of transgenic callus lines to heat stress
The effect of reduced PR10 expression in transgenic callus lines (4, 6, and 8) on heat stress tolerance was examined. These callus lines grew more slowly than their corresponding non-treated callus tissues. The weight changes for the heat-stressed callus lines 4, 6 and 8 after 2 weeks were 26.9%, 21.8% and 33.7%, respectively, compared with their corresponding controls, which were 53.4%, 59.2% and 57.7%, respectively (Table 1) . However, heat stress did not cause significant growth reduction in the non-transformed control callus line (Neg 43) ( Table 1) .
Production of transgenic kernels through Agrobacterium infection
Forty-five transgenic lines representing 20 independent transformation events (one to three plants/event) were regenerated and pollinated with B73 to produce the mature kernels. The number of mature kernels produced per ear varied from as many as 201 to as few as one. The average weight of mature transgenic kernels also differed significantly from one ear to another, ranging from 0.305 g to 0.022 g, with a mean value of 0.175 g. All of these kernels germinated and developed into normal seedlings after planting despite variations in kernel weight and size.
Evaluation of transgenic kernels for transformation and PR10 expression
Twelve transgenic lines varying in kernel weight and size were investigated further, together with two Hi II controls (HT40917-1, HT40917-3) ( Table 2) . Genomic DNA and total RNA were isolated from the young leaf and root tissues of germinated seedlings to confirm the transformation and to determine the level of PR10 expression. All transformants except A44S1-15-3 were confirmed to be positive for the presence of the transgene using PCR (Table 3) . PR10 expression in root tissue was significantly higher than that in leaf tissue in both controls and transgenic lines, ranging from 16-fold to over 1000-fold. The PR10 transcript level varied greatly among the transgenic lines. In leaf tissue, the PR10 transcript level was significantly reduced in the following RNAi transgenic lines, A44S1-3-1 (by 81.3%), A44S1-3-4 (by 88.1%), A44S1-5-2 (by 64.6%), A44S1-5-3 (by 61.8%) and A44S1-35-4 (by 86.2%), compared with that in controls (HT40917-1 and HT40917-3) (Table 3) . In root tissue, the following RNAi transgenic lines showed a significant reduction in PR10 expression Fig. 1 Construction scheme of pathogenesis-related protein 10 (PR10) gene silencing vector. The double 35S promoter and the DNA region containing the attR4-attR3 cassette were amplified by polymerase chain reaction (PCR) separately from their corresponding vectors, and cloned into the corresponding restriction sites in pBluesript II SK-vector. The DNA regions corresponding to the PR10 5′arm, intron and 3′ arm were amplified by PCR with primers containing unique homologous recombination sites, cloned into their corresponding entry vectors. A chloramphenicol resistance gene (CmR) selection marker was then inserted into the middle of the PR10 intron before the LR clonase reaction to assemble the RNAi cassette into the pBluescript vector to produce the pBS-d35S-attB4-5′arm-attB1-PR10 intron-CmR-attB2-3′arm-attB3 vector (named pBS-PR10-RNAi). The RNAi cassette was then cloned into the pTF102 vector through ligation to produce the final pTF102-PR10-RNAi vector.
compared with the controls: A44S1-1-1 (by 87.4%), A44S1-3-4 (by 85.5%), A44S1-5-3 (by 64.4%), A44S1-35-3 (by 95.8%), A44S1-35-4 (by 58.7%) and A44S1-42-1 (by 80.7%). The degree of reduction in PR10 expression in leaf and root tissue was not always the same within each line. Of the 12 lines examined, only three lines (A44S1-3-4, A44S1-5-3 and A44S1-35-4) showed a significant reduction in PR10 expression in both leaf and root tissues. Line A44S1-15-3 (negative for the transgene) showed a level of PR10 expression in leaf tissue similar to that in controls, whereas, in root tissue, the level was higher than that in controls.
In addition, PR10 expression in A44S1-1-4,A44S1-6-1 and A44S1-36-1 was similar to that in controls in both tissues (Table 3) .
Changes in PR10 protein production in transgenic kernels
The level of PR10 protein production in mature F1 kernels of control HT40917-1 and 12 transgenic lines (including one that was negative for transgene) was examined using twodimensional gel electrophoresis. A significant reduction (Ն60%) in the putative PR10 protein level was observed in eight RNAi transgenic lines, with an average reduction of 72.1% (Table 3) . The remaining three RNAi transgenic lines showed a reduction in PR10 production in the range 11.2%-39.2% of the control. The line (A44S1-15-3) (negative for the PR10 gene) showed an average of a 6.5% reduction in PR10 level (Fig. 3) . In order to confirm that the putative protein spot was the PR10 protein, this putative PR10 protein spot (spot 'd' in Fig. 3 ) was recovered from preparative two-dimensional gels of A44S1-1-1 and A44S1-6-1 lines, together with several other protein spots ('a', 'b', 'c', 'e' and 'f' in Fig. 3 ) close by, which also showed changes in protein levels in some of the RNAi lines. The peptide sequences and sequence homology analysis confirmed that spot 'd' was PR10, as was part of spot 'e'.
Changes in fungal growth and aflatoxin production in RNAi transgenic kernels
The kernel screening assay was performed on the above 12 transgenic lines, together with the control HT40917-1. A44S1- 53.4 Ϯ 9.1 26.9 Ϯ 6.3 † 6 59.2 Ϯ 7.6 21.8 Ϯ 6.8 † 8 57.7 Ϯ 6.8 33.7 Ϯ 3.7 † *The percentage weight change was the difference between the final callus weight 2 weeks after treatment and the initial callus weight divided by the initial callus weight. †Indicates significant reduction in growth compared with the same callus line kept at 28°C. 35-4 and A44S1-42-1 showed the highest level of fungal colonization at the end of the 7-day incubation, followed by A44S1-35-3 and the susceptible control P3142 used in the kernel screening assay (Fig. 4) , whereas A44S1-15-3, A44S1-3-1, the control HT40917-1 and the resistant control MI82 showed very low levels of fungal colonization (Fig. 4) . The visual ratings of fungal colonization of these lines are summarized in Table 4 . Aflatoxin analysis of infected kernels found six lines (A44S1-3-1, A44S1-5-3, A44S1-35-3, A44S1-35-4, A44S1-36-1 and A44S1-42-1) that supported significantly higher levels of aflatoxin production than either the non-transformed HT40917-1 control or line A44S-15-3, which was confirmed to be negative for the transgene (Table 4 ). All the other five transgenic lines supported levels of aflatoxin production similar to that of the Hi II control (HT40917-1) (Table 4) .
Correlation between PR10 expression and aflatoxin production or fungal colonization
When comparing the change in PR10 at both the transcript and protein levels with the changes in fungal colonization or aflatoxin production, significant correlations were found between log-transformed toxin production and PR10 expression at either transcript (correlation coefficient r, -0.793 to -0.798) or protein (r = -0.714) level, and between square root-transformed toxin and changes in PR10 protein in kernels (Table 5 ). These data therefore clearly demonstrate a connection between PR10 expression and maize aflatoxin resistance.
DISCUSSION
Resistance to A. flavus infection and aflatoxin production in maize is a multigene-controlled trait (Paul et al., 2003) . A previous study has indicated that constitutively expressed kernel proteins play at least as important a role as inducible proteins in contributing to maize kernel aflatoxin resistance . Further studies have revealed that the expression of certain storage, stress-related and antifungal proteins is associated with aflatoxin resistance (Chen et al., 2002 (Chen et al., , 2007 . A recent study of one such antifungal protein, PR10, indicated its potentially important role in resistance, thereby rendering PR10 a candidate for further investigation . In this study, both particle bombardment and Agrobacteriummediated transformation methods were used to introduce the PR10 RNAi vector into immature maize embryos. The former was used to provide a rapid assessment of the efficacy of the RNAi vector in gene silencing. The latter, which results in transgenic materials with fewer copies of foreign genes and is easier to 
The data presented here are means combined from two experiments. ‡Means within the column followed by the same letter were not significantly different based on Waller-Dunncan K-ratio t-test (at P = 0.05). §PR10 protein reduction was determined using Progenesis gel analysis software based on four gels (two repeated experiments with two replicated gels each). ¶Indicates the reduction was significant compared with the control (HT40917-1) based on least-significant difference (P = 0.05). ND, not determined.
regenerate, was chosen for the generation of transgenic kernels to determine the effect of reduced PR10 protein production on maize resistance to A. flavus infection and aflatoxin contamination. The ideal material for verifying the importance of PR10 in host resistance through RNAi gene silencing would be a known aflatoxin-resistant maize inbred line. However, a recent evaluation of the responses of two aflatoxin-resistant maize lines Mp420 (Scott and Zummo, 1988) and GT-MAS : gk (Widstrom et al., 1987) to tissue culture by Frame et al. (2006) found that only type I callus was produced under various cultural conditions with or without Agrobacterium tumefaciens infection. Therefore, the Hi II line, which produces type II callus and has been successfully transformed and regenerated in earlier studies (Fromm et al., 1990; Gordon-Kamm et al., 1990) , was selected in this study as the starting material for transformation. As a result of the heterogeneous nature of the Hi II genetic background (Armstrong et al., 1991) , callus clones or kernels from at least 12 independent transformation events were evaluated for phenotypical and gene expression changes to take into account the potential variations in genetic background. The callus lines from particle bombardment showed a 65%-99% reduction (with an average of over 90%) of PR10 expression, confirming that the PR10 RNAi vector was working as designed. When the callus lines with reduced PR10 expression were subjected to heat stress treatment, their growth also showed a significant reduction relative to the non-silenced 
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control, consistent with a putative role of PR10 in stress tolerance (Krishnaswamy et al., 2008; Srivastava et al., 2006) . Mature transgenic kernels from 12 independent transformation events were first evaluated for the presence of the transgene, and only A44S1-15-3 was found to be negative. PR10 expression was always significantly higher in root tissue than in leaf tissue. Variation in the level of PR10 expression among the transgenic lines was also clearly visible, with A44S1-35-4 and A44S1-3-4 showing the lowest level of PR10 expression in leaf tissue (87% reduction) and A44S1-35-3 in root tissue (95% reduction). It is not clear why the expression of PR10 in the root tissue of A44S1-15-3 was higher than that of the control lines.
Eight of the 12 lines showed a significant reduction in PR10 protein levels, with A44S1-5-2 and A44S1-42-1 showing the largest reduction (85%), as determined through proteomics, and the identity of the PR10 protein was confirmed through peptide sequencing. In addition to the consistent reduction of PR10 production in RNAi-silenced kernels, the levels of several other protein spots near the putative PR10 also varied among the transgenic lines based on the two-dimensional protein profiles (Fig. 4) . These proteins were sequenced and one (spot 'e') contained two proteins based on peptide sequences: a glyoxalase family protein and PR10. This could be a result of the close proximity of this spot to PR10 (spot 'd'), which made it difficult to resolve completely, even with large-format, two-dimensional gels. This may also explain why the volume of spot 'e' was reduced in several of the transgenic lines. The identities of the other sequenced spots did not appear to be related to PR10, and their protein level changes did not correlate with PR10, indicating that the variations might be a result of genetic background differences. A recent study by Colditz et al. (2007) reported an antagonistic induction of other PR proteins when a PR10-like protein was silenced in Medicago truncatula. However, in this study, no consistent induction of other proteins was observed during the proteome comparisons of the transgenic lines. In our study, kernels were not infected before proteomic analysis, in contrast with the study by Colditz et al. (2007) .
When RNAi-silenced transgenic mature maize kernels were inoculated with A. flavus, significant increases in fungal colonization and aflatoxin production were observed compared with controls. In general, the degree of fungal colonization agrees well with the aflatoxin levels observed inside inoculated kernels (correlation coefficient r, 0.695). However, several lines with high colonization ratings (A44S1-6-1, A44S1-1-4) contained low levels of aflatoxin, whereas A44S1-36-1 (with a colonization rating similar to A44S1-6-1) contained a significantly higher level of aflatoxin in the inoculated kernels. This is not unusual, as maize lines with heavy fungal colonization have been shown to support little or no aflatoxin production or vice versa . Of the eight lines with a significant reduction in PR10, seven showed significant increases in fungal colonization. Six also showed a significant increase in aflatoxin production. Correlation analysis was consistent with a connection between PR10 level and maize aflatoxin resistance. The observed high variation in aflatoxin production among the RNAi transgenic lines was possibly a result of the variation in PR10 protein levels and its antifungal properties, as indicated by the high correlation coefficient (r = -0.798) between PR10 level and maize aflatoxin. However, although maize aflatoxin resistance is often antifungal in nature, other factors, such as the physical barrier limiting fungal colonization or the host proteins inhibitory to fungal toxin biosynthetic pathway genes or enzymes, must also be considered Chen et al., 2004; Gembeh et al., 2001) .
In summary, the present study constructed a PR10 RNAi gene silencing vector and demonstrated the efficacy of the vector in silencing PR10 expression in both callus tissues and transgenic kernels. Transgenic callus clones with reduced PR10 expression exhibited increased susceptibility to heat stress. Transgenic kernels with significant increases in aflatoxin production showed significant reductions in PR10 levels. These data indicate an important role for PR10 expression in maize aflatoxin resistance. *Means within the column followed by the same letter were not significantly different based on Waller-Dunncan K-ratio t-test (at P = 0.05). †Fungal colonization was visually rated 7 days after inoculation and incubation at kernel screening assay conditions as follows: 0, mycelium visible on kernel surface, but no sporulation; 1, 1%-20% of the kernel surface covered by conidiophores bearing conidia; 2, 21%-40%; 3, 41%-60%; 4, 61%-80%; 5, 81%-100%. The means of ratings for individual kernels from two repeated experiments are presented here.
‡Aflatoxin data were log-transformed to equalize variations before statistical analysis using SAS. §A44S1-15-3 was negative for the PR10 RNAi construct. HT40917-1 and HT40917-3 were non-transgenic Hi II plants pollinated with B73 as negative controls. P3145 and MI82 were aflatoxin-susceptible and aflatoxin-resistant control lines used in the kernel screening assay.
EXPERIMENTAL PROCEDURES
Construction of RNAi gene silencing vector for PR10 gene
The double 35S promoter was amplified from a pBI121-d35S-PR10-nos vector using PCR with primers d35Sf-Xho (CCCTCGAGgAatTCGGTATCG) and d35Sr-SpeI (CCCGCaCtaGtAATTGTAAATAG). The nucleotide changes (lower case) were used to incorporate an EcoRI site after a XhoI site at the 5′ end and to change an NcoI site into an SpeI site at the 3′ end of the original construct. This PCR product was then digested with XhoI and SpeI and gel purified before being ligated into XhoI and SpeI double-digested pBluescript SK-to generate the pBS-d35S vector. The DNA fragment containing attR4-ccdBCmR-attR3 was amplified from the pDEST™ R4-R3 vector of a MultiSite Gateway Vector Construction Kit (Invitrogen, Carlsbad, CA, USA) with primers (R4R3f-SpeI, AACtagTATGACCATGAT TACGCCAAG; R4R3r-SacI, AACGAgctCCAGTGAATTATCA) to incorporate SpeI at the 5′ end and SacI at the 3′ end. The amplified PCR product was digested with SpeI and SacI before ligating into the corresponding sites of the pBS-d35S vector to generate pBS-d35S-attR4-attR3 (Fig. 1) . The 5′ and 3′ arms of the PR10 gene were also amplified using PCR with homologous recombination sites (italic) attached to the end of the gene-specific primers. The region selected for the 5′ and 3′ arms was conserved between the two PR10 genes identified so far from maize (Xie et al., 2009) . Briefly, the 5′ arm was amplified with attB4-PRf (GGGGACAACTTTGTATAGAA AAGTTGAGTCATGCCGTTCAGCTT) and attB1-PRr (GGGGACTG CTTTTTTGTACAAACTGTAATCTCCGTACACAATACCC) with the PR10 cDNA clone as a template, and the 3′ arm was amplified with attB2-PRf (GGGGACAGCTTTCTTGTACAAAGTGGAATCTCC GTACACAATACCC) and attB3-PRr (GGGGACAACTTTGTATAA TAAAGTTGAGTCATGCCGTTCAGCTT) in a similar manner. The 5′ and 3′ arms were ligated into pDONR P4-P1R and pDONR P2R-P3 (Invitrogen), respectively, through BP clonase reactions, according to the manufacturer's instruction. The resulting vectors were named pENTR-L4-5′arm-R1 and pENTR-R2-3′arm-L3, respectively.
An intron used to stabilize the inverted repeat sequences of the 5′ and 3′ arms was amplified from the PR10 genomic DNA clone with the primers attB1-PRf (GGGGAC AAGTTTGTACAAAAAAGCAGGCTGTTCAACTTCACCTCAGG) and attB2-PRr (GGGGACCACTTTGTACAAGAAAGCTGGGTAAGCTGA ACGGCATGACT).This PCR product, after being confirmed through DNA sequencing, was cloned into the pDONR221 vector using the BP clonase reaction, according to the manufacturer's instruction. The resulting vector was named pDONR221-PR 10 intron, containing SphI and ClaI restriction sites in the middle of the intron. A chloramphenical resistance gene (CmR) was then amplified from the pDEST-R4-R3 vector using primers PRi-Sphf (CCGcATgCTCTAGATTACG) and PRi-Clar (AGTatcGATCCGTCGAGATTT), and was ligated into the SphI and ClaI-digested pDONR221-PR 10 intron vector to generate the pDONR221-PR 10-intron-CmR vector, after digesting the PCR product with the corresponding enzymes. The insertion of the antibiotic resistance marker CmR was used for easy selection of downstream target clones, as well as for increased stability of the inverted repeat of the 5′ and 3′ arms.
The MultiSite Gateway LR recombination reaction was performed with the four vectors pBS-d35S-attR4-attR3, pENTR-L4-5′arm-R1, pDONR221-PR 10-intron-CmR and pENTR-R2-3′arm-L3, according to the manufacturer's instructions, except that the reaction mixture was transformed into TOP10 Escherichia coli cells and selected on LB plates containing 100 mg/mL ampicillin and 30 mg/mL chloramphenicol. The resulting vector pBS-PR10-RNAi (pBS-d35S-attB4-5′arm-attB1-PR 10 intronCmR-attB2-3′arm-attB3) was then verified through restriction digestion and sequencing before digesting the vector with EcoRI and SacI to remove the d35S-attB4-5′arm-attB1-PR 10 intronCmR-attB2-3′arm-attB3 cassette, which was then ligated into the corresponding sites of pTF102 (Frame et al., 2002) , to generate the final RNAi vector pTF102-PR10-RNAi for use in maize transformation.
Maize transformation
Immature zygotic embryos of the maize Hi II hybrid, with the ability to produce close to 100% type II callus (A188 X B73 origin) (Armstrong et al., 1991) , were used in this study. The embryos were transformed with the pTF102-PR10-RNAi construct through both particle bombardment and Agrobacteriummediated methods at the Iowa State University Plant Transformation Facility (Ames, IA, USA). For particle bombardment, plasmid pTF102-PR10 RNAi DNA was coated onto 0.6-mm gold particles (Bio-Rad, Hercules, CA, USA) following the protocol outlined by Frame et al. (2000) . F 2 immature zygotic embryos (1.5-2.0 mm) of the maize Hi II hybrid genotype were aseptically dissected from glasshouse-grown ears harvested 10-13 days post-pollination, and were placed embryo axis side down (about 45 embryos per plate) onto N6-based medium (Chu et al., 1975) , with modifications (Frame et al., 2000) , for 3 days in the dark at 28°C to induce callus initiation before bombardment. Selection of bialaphosresistant putative callus events from bombarded immature embryos was conducted according to Frame et al. (2000) before analysis for the level of target gene expression in independent transformation events was carried out. For Agrobacteriummediated transformation, the above plasmid DNA was introduced into Agrobacterium strain EHA101. Immature embryo infection, co-cultivation and resting, and selection and regeneration of transgenic callus events on bialaphos-containing medium, were performed according to Frame et al. (2002) .
Confirmation of transformation
Genomic DNA was isolated from callus clones recovered from bombardment or young leaves developed from transgenic kernels regenerated after Agrobacterium transformation, according to the instructions from the Redextract-N-Amp Plant PCR kit (Sigma, St. Louis, MO, USA). Genomic DNA extracted from the nontransformed callus clone Neg 43 was used as a negative control. The isolated genomic DNA was then used as a template to confirm the transformation through PCR with PR10if (GTTCAACTTCACCT-CAGG) and PR10ir (AAGCTGAACGGCATGACT) primers corresponding to the CmR region spanned by the intron.
Determination of PR10 expression in callus, root and leaf tissues using real-time PCR 
Evaluation of transgenic callus tissues for changes in heat stress tolerance
To test whether PR10 expression is involved in the enhancement of plant stress tolerance, three transgenic callus lines (4, 6 and 8) with significant reduction in PR10 expression and the non-silenced Neg 43 control were examined for changes in their stress response. These callus lines were transferred onto fresh N6 medium without bialaphos and subjected to heat stress treatment at 37°C for 72 h before moving back to the normal 28°C culture conditions. The percentage of weight change after 2 weeks compared with the initial weight was used to determine the effect of heat stress treatment on callus growth. The data presented here were the average from two repeated studies.
Evaluation of transgenic maize kernels for changes in resistance to A. flavus colonization and aflatoxin production
For each transgenic ear, the weight was determined for all kernels (if the total number of kernels was less than 30) or 30 randomly selected kernels. The mean kernel weight between each transgenic plant was separated using least-significant differences (P = 0.05).The kernel screening assay was used to evaluate the changes in kernel resistance of 12 transgenic lines (including A44S1-15-3, which was confirmed to be negative for the target gene) to A. flavus infection and aflatoxin production compared with the non-silenced control line (HT40917-1). Mature kernels from control and RNAi-transformed plants were inoculated with A. flavus conidia and incubated according to Brown et al. (1995) . At the end of incubation, fungal colonization on the surface of inoculated kernels, an index of fungal growth, was rated according to a 0-5 scale, with a value of zero for kernels having visible mycelium on the kernel surface, but no sporulation, and a value of five for kernels having 81-100% of their kernel surface covered by conidiophores bearing conidia (Guo et al., 1995) . After visual rating of fungal colonization, the kernels were oven dried at 55°C for 3 days and used to determine aflatoxin levels according to Brown et al. (1995) . Aflatoxin data were log-transformed to equalize variations before statistical analysis using SAS software (SAS Institute Inc., Cary, NC, USA) to determine whether there was a significant difference in aflatoxin production between the RNAi-silenced transgenic and control kernels. This experiment was conducted twice, each time with seven replicates (three kernels per replicate). The data presented here are the means combined from the two experiments.
PR10 production in transgenic maize kernels
To determine whether the changes in kernel aflatoxin resistance were associated with a reduction in PR10 protein levels in the mature kernels, the above 12 lines, together with the HT40917-1 control, were further analysed through proteomics. The endosperm tissue, in which the PR10 protein was first identified , was used for protein extraction according to Chen et al. (2007) . Protein extraction was conducted twice, and each extract was subjected to two-dimensional gel electrophoresis in triplicate, and stained with silver (Chen et al., 2007) . Gel analysis was performed using Progenesis SameSpots (Nonlinear Dynamic, Durham, NC, USA) to determine the changes in PR10 protein production. The putative PR10 protein spot and other spots that showed a significant reduction in protein levels were then recovered from Coomassie-stained gels and sequenced using electrospray ionization-tandem mass spectrometry to determine their identities.
